This study focuses on the development of an extended MVEM capable of predicting the 10 engine performance parameters (thermodynamic, flow and mechanical) of two-stroke marine engines 11 at varying settings of injection timing and turbine area. The extension employed mapping of a number 12 of the engine parameters carried out based on a zero-dimensional model. Both the zero-dimensional 13 and the mean value engine models were developed in MATLAB/Simulink environment following the 14 same modular approach and their accuracy was validated against experimental data from shop trials. 15
Introduction 1
The large two-stroke marine diesel engine is widely used for propulsion of the vast majority of 2 vessels in the last few decades due to its high efficiency and reliability. In order to attain improved fuel 3 efficiency and achieve environmentally cleaner operation, engine manufacturers have developed 4 electronically controlled versions of marine diesel engines [1, 2] . In these, the computer-controlled 5 high-pressure hydraulic systems with advanced sensors, actuators and control valves have been used to 6 replace the camshaft that exists in traditional engine versions for adjusting the fuel injection timing and 7 exhaust valve opening/closing. Additionally, turbochargers with variable geometry turbines and exhaust 8 gas waste gate valves have been applied for increasing the engine efficiency throughout the whole 9 engine operating envelope especially at low load conditions. Furthermore, recently turbocharging 10 systems with two-stages have been investigated for implementation in marine engines in order to 11 simultaneously increase efficiency and reduce NO X emissions [3, 4] . For reducing SO X emissions, two 12 alternative measures have been proposed and used [5] ; these include either the engine operation by 13 using a low sulphur fuel or the installation of a scrubber in the engine exhaust pipe. Low sulphur heavy 14 fuel oil (LSHFO), marine gas oil (MGO) and natural gas stored in liquefied form (LNG) are the 15 alternative proposed for immediate implementation by the maritime industry stakeholders, whilst other 16 alternative fuels including methanol, ethanol and hydrogen are proposed for future usage. 17
As the development of a large two-stroke marine diesel engine is time consuming and costly 18 procedure, various engine modelling techniques have been used for investigating the engine 19 steady-state performance and transient response as well as for testing the alternative design of the 20 engine systems. In the current literature, different model types have been reported to predict engine 21 performance under various conditions. They are categorized as transfer function models [6] , cycle 22 mean value models [7] [8] [9] [10] [11] [12] [13] [14] [15] , zero-or one-dimensional models [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and computational fluid dynamic 23 models [ 26 , 27 ] . As the modeling complexity increases, i.e. from transfer function models to 1 computational fluid dynamic models, the representation of the engine working process is improved, but 2 at the same time a greater execution time and amount of input data are required, so that the model 3 becomes more laborious. As the MVEMs are a compromise between the simpler transfer function 4 models and the more detailed zero-or one-dimensional models, these are widely used in investigations 5 that include the development and design of the engine control systems, where a fast execution time and 6 model simplicity are needed [6, 28, 29] . The MVEMs employ a limited amount of input data and 7 reasonable execution time whilst predicting the engine behaviour with adequate accuracy, whereas their 8 drawbacks include their inability to predict the in-cycle variation (e.g. per degree of crank angle) [6] 9 and as a result the engine brake specific fuel consumption (BSFC) and efficiency under different 10 settings (e.g. varying start of injection timing, turbine area and exhaust gas bypass, etc.). In the cases 11
where in-cylinder parameters are required, the zero-or one-dimensional models can be used. For the 12 case where the estimation of engine performance at varying settings is of interest [ 30 ] , the 13 zero-dimensional models seem to be the appropriate option. Furthermore, for adequately predicting 14 emissions, two-zone or multi-zone combustion models are required along with the appropriate 15 emissions kinetics mechanisms, which further increase the model complexity and the running time 16 [31, 32] , thus rendering the zero-dimensional models application quite challenging for cases that require 17 simulation of engine transients for long periods, varying engine settings and control system design [6] , 18 for example, ship maneuvering predictions [33] or system components control [34] . 19 Theotokatos [12] reported the MVEM categories and the development of a modular MVEM in 20 MATLAB/Simulink environment. The advantages and drawbacks of two different approaches were 21 also discussed based on previously published data. Dimopoulos et al. [35] included the diesel engine 22 models of different levels of accuracy and complexity in the component model library of an integrated 23 marine energy system simulation platform called COmplex Ship Systems MOdelling and Simulation 1 (COSSMOS), providing the users with the flexibility to select the desired ones according to the 2 intended application. Nikzadfar et al. [36] introduced an extended MVEM for control-oriented 3 modeling of diesel engines transient performance and emissions by utilizing Artificial Neural Networks 4 (ANN) to mimic the engine cycle thermodynamic model. The applied neural network technology 5 requires a large number of data sets to capture the in-cylinder process with desired level of accuracy, 6 and besides that the amount of data increases significantly if emissions are to be modelled. Nielsen et al. 7 [34] simplified the original mean value engine model by removing the non-dominant dynamics and 8 developed a control-oriented model of the oxygen fraction in the scavenge air manifold. This model 9
can be used effectively for the engine control system design but cannot provide the engine performance 10 predictions at varying engine settings as it still has to confront the mean value engine model limitations. 11 Fadila and Charbel [37] developed an extension of MVEM and in-cylinder single zone model for high 12 speed four-stroke diesel engine dedicated for Hardware in the Loop (HIL) applications. The model only 13 includes the air system, combustion system, exhaust system and fuel system without considering the 14 turbocharger and propeller, which means it cannot be regarded as a full engine model. In addition, a 15 quad core Real Time Processor Computer (RTPC) is needed in order for the in-cylinder extended 16 model to be run in real time. Extending the modular MVEM reported in Theotokatos [12] , Baldi et al. 17 [38] proposed a combined MV-0D approach applied for a large marine four-stroke diesel engine, where 18 the zero-dimensional model was used for representing the closed cycle of one engine cylinder and the 19 mean value engine model employed for simulating the open part of the cycle as well as for the other 20 engine components. Nevertheless, the zero-dimensional model needs to be called at each time step 21 resulting in long execution time particularly when the engine transient simulation for a long time period 22 is considered. Based on a similar modelling approach, Tang et al. [39] improved further the hybrid 23 6 engine model calculation speed by estimating the cylinder exhausting and scavenging processes as 1 linear functions and abandoning engine cylinder cycles at certain intervals. This hybrid model can be as 2 fast as the MVEM for the steady state conditions in that the boundaries of every cylinder cycles remain 3 the same, however the calculation speed is improved at the expense of the engine performance 4 prediction precision during the dynamic process. 5
Although hybrid modelling approaches offer an acceptable execution time, the engine control 6 systems design applications require simpler models as even limited zero-dimensional modelling 7 introduces complexity [6, 34] . In order to capture the engine performance at varying settings with 8 reasonable execution time, an effective approach is to use a MVEM coupled with lookup tables or 9 response surfaces representing the engine cylinders parameters variation, which can be derived from 10
the zero-dimensional model parametric runs. In this respect, the advantages of the MVEMs, i.e. the 11 modularity and low execution time, along with the more accurate prediction of engine performance 12 parameters at varying settings that zero-dimensional models provide can be exploited. A similar 13 modelling approach was used in Livanos et al. [40, 41] for designing and testing control schemes for an 14 ice-class tanker propulsion plant system. The used engine model included lookup tables derived by 15 using a calibrated zero-dimensional model parametric runs, and the in-cylinder engine performance 16 parameters were estimated by using linear interpolation. However, as this is a case-dependent approach 17 of modelling marine engines, an extended MVEM based on analytical expressions can provide an 18 additional advantage and more flexibility as it could capture both the flow and mechanical parameters 19 variation. This is a novel element of the present study as there is not reported a general approach for 20 extending the MVEM by applying the corrective formulae to the respective parameters. As the 21 electronically controlled versions of marine engines become more popular and new components that 22 require control such as waste gate exhaust valves, variable geometry turbine, exhaust gas recirculation 23 1 an alternative for providing both adequate accuracy and fast running times with reduced modelling 2 complexity. Besides that, the extended MVEM can be used to predict with fidelity the engine operation 3 under different conditions without requiring re-calibrations of the model parameters for representing 4 engine with varying settings. 5
The proposed extended modelling approach was employed herein to investigate a large two-stroke 6 engine performance prediction with varying start of injection (SOI), turbine area and exhaust gas 7 bypass settings. The model was benchmarked against the zero-dimensional model and MVEM, and the 8 simulation results were used to discuss its advantages and drawbacks against the other two modelling 9 approaches. 10
Models description 11
The zero-dimensional and mean value engine models used in this work were previously developed 12 by the authors in MATLAB/Simulink environment following a modular concept. The zero-dimensional 13 model has been described in detail in Guan et al. [30] where it was used for the prediction of a two-stroke 14 large engine performance at slow steaming conditions. The MVEM was described in detail in 15
Theotokatos [12] . The models structure is shown in Fig. 1 . Each part of the engine is represented by a 16 block that exchanges variables with the adjacent blocks through the appropriate connections. The models 17 use a number of elements including flow elements, receivers, mechanical elements (shaft and load) and 18 control element (PI governor). For both models, the scavenging and exhaust receivers are considered to 19 be flow receiver elements (control volumes), whilst the turbocharger components (compressor and 20 turbine) are represented as flow elements. Fixed fluid elements of constant pressure and temperature are 21 used for modelling the engine boundaries. Shaft elements are used for calculating the engine crankshaft 22 and turbocharger shaft rotational speeds. The engine governor element, which is used to adjust the engine 1 fuel rack position, is considered to be of the proportional-integral (PI) type and incorporates the 2 appropriate fuel rack limiters, whereas the propeller element is used for calculating the propeller torque. 3
The thermodynamic properties of the working medium either air or gas are considered to be functions of 4 temperature, pressure and fuel-air equivalence ratio [42] . 5
The flow elements use as input variables the pressure, temperature and the properties of the 6 working medium contained in the adjacent elements (flow receiver(s) or fixed fluid), whereas their 7 output variables include the mass and energy flow rates entering and exiting the flow element as well 8
as the absorbed (for the case of compressor) or produced torques. The mass and energy flows are 9 provided as input in the adjacent flow receiver elements, whereas the torques are required as input in 10 the shaft elements. The output of turbocharger shaft element, i.e. the turbocharger speed, is provided to 11 the compressor and turbine elements. The output of the crankshaft element includes the engine and 12 propeller rotational speeds; the former is supplied as input to the engine cylinders and engine governor 13 elements, whereas the latter is advanced in the propeller element. 14 The difference between the zero-dimensional model and MVEM lies in the cylinder block. The 15 zero-dimensional model cylinder block is more comprehensive as it simulates the closed cycle process 16 (compression, combustion and expansion) by using a one-zone approach, and the scavenging process by 17 employing a two-zone approach [30] . The zero-dimensional model cylinder block uses as input the 18 scavenging ports and exhaust valves profiles as well as the fuel variable injection timing. On the 19 contrary, the MVEM cylinder block is simpler and the flow is calculated by using an equivalent orifice 20 approach whereas the cylinder performance parameters are calculated by using algebraic equations. are used [43] [44] [45] . Assuming that the system can be characterized by using the temperature, mass, 5 pressure and equivalence ratio, the one zone model employs three first-order differential equations for 6 calculating the temperature, the mass and the burnt fuel fraction along with the ideal gas equation for 7 calculating the pressure and algebraic equations for estimating the working fluid properties. The two 8 zone scavenging model (the first zone includes air whereas the second zone includes exhaust gas) 9 employs six first-order differential equations for calculating the temperature and the mass for each zone, 10 the burnt fuel fraction of the second zone and the cylinder pressure in conjunction with the algebraic 11 equations for calculating the working medium properties. 12
The Woschni-Anisits combustion model [45] is used for describing the combustion process. This 13 model employs a simple Wiebe function, the shape factor and the combustion duration of which are 14 calculated by using a reference point respective values along with the combustion air/fuel equivalence 15 ratio and engine speed. In this respect, the model constants need to be calibrated for one operating point 16
as the model adjusts the model parameters in other operating points. The Woschni model [46] is 17 employed for calculating the cylinder gas to wall heat transfer coefficient with the default value being 18 as proposed for large two-stroke engine. For the estimation of the engine friction losses, an equation 19 providing the engine friction mean effective pressure as a function of the cylinder maximum pressure 20 and the average piston speed is used [47] . When all the engine cylinders are considered to be identical, 21
the only input parameter that varies is the phase angle of each cylinder. The individual cylinders 22 interact via the intake and exhaust manifolds. The torque and inertia of each cylinder are summed up 23 and provided as input for the calculation of engine crankshaft rotational speed. The combustion model 1 constants in the zero-dimensional model are given in Table 1.  2   3 
Mean value engine model 4
The engine cylinders block is regarded as a flow element in the MVEM. The air mass flow rate 5 entering the cylinder is calculated considering the equivalent of two consecutive orifices, each one 6
representing the cylinders scavenging ports and exhaust valve. The mass flow rate of the exhaust gas, 7 exiting the engine cylinders, is estimated by using the continuity equation adding the mass flow rates of 8 the air entering the engine cylinders and the injected fuel. The latter is calculated using the number of the 9 engine cylinders, the engine rotational speed and the injected fuel mass per cylinder and per cycle, which 10 is regarded as a function of engine fuel rack position. A critical parameter for the MVEM set up and 11 calibration is the fuel chemical energy proportion in the exhaust gas (ζ), which represents the working 12 medium energy flow change across the cylinder (increase of the energy flow of the air entering the 13 cylinders) as fraction of the fuel energy released within the combustion chamber [6, 45] . Thus, the 14 parameter ζ can be used to calculate the energy flow rate exiting the engine cylinders element according 15 to the following equation: 16
Previous studies [6, 45] showed that the parameter ζ can be approximated as a linear function of 18 the engine brake mean effective pressure (BMEP) [48] : 19
Typically, ζ is calculated and calibrated for each load using available engine performance data 21 measured during the engine trials or provided by the engine manufacturer [49] . As the parameter ζ is 22 calibrated for the specific engine settings, its re-calibrations are required for varying SOI settings. To 23 overcome this limitation, the extension of the MVEM is proposed herein. 1
The indicated mean effective pressure is calculated as the product of the rack position, the 2 engine maximum indicated mean effective pressure and the combustion efficiency, which, in turn, 3 is regarded as a function of engine air to fuel ratio [44] . The friction mean effective pressure that 4 includes all the engine mechanical losses is considered a function of the indicated mean effective 5 pressure and the engine crankshaft speed according to [6, 12] . The engine brake mean effective 6 pressure is calculated by subtracting the friction mean effective pressure from the indicated mean 7 effective pressure, whereas the engine torque is calculated using the brake mean effective pressure 8 and engine cylinders displacement volume [43] . 9
Models validation 10
The two-stroke marine diesel engine MAN Diesel & Turbo 7K98MC steady state operation was 11 simulated by using both the zero-dimensional model and the MVEM developed in MATLAB/Simulink 12 environment. The engine is of the cross-head type and turbocharged by using the constant pressure 13
turbocharging system concept equipped with three turbocharger units. One air cooler unit is installed 14 downstream each compressor in order to cool the hot compressed air. In addition, three electric driven 15 blowers are used for providing adequate air flow when the engine operates at loads below 40%. Each 16 blower receives the air exiting the respective engine air cooler unit and discharges that to the engine 17 scavenging air receiver. The blowers are activated when the engine air scavenging receiver pressure 18 becomes lower than 1.55 bar, whereas they are switched off for pressure values greater than 1.7 bar. 19
The main engine characteristics as well as the required input data were taken from the engine 20 manufacturer project guide [50] . The engine steady state performance data were obtained from the 21 engine shop trial measurements. The main engine parameters are given in Table 2.  22  1 geometric data, the turbocharger compressor and turbine performance maps, the engine ambient 2 conditions, the constants of engine model equations and the propeller loading. The exhaust valves and 3 scavenging ports profiles as well as the fuel injection timing are needed for the zero-dimensional model. 4
The above required data was collected by using the engine project guide [50], whereas the compressor 5 and turbine maps were available from authors previous work [11] . Initial conditions are also required 6
for the variables that are calculated by integrating differential equations, i.e. the engine/propeller shaft 7 and turbocharger shaft rotational speeds as well as the pressure and temperature of air and gas 8 contained in the engine receivers. The engine three turbocharger units as well as the installed air 9 coolers and blowers were considered to have identical performance. 10
To validate both models simulation runs under steady state operating conditions at 25%, 50%, 75% 11 and 100% of the engine MCR load were performed, as these loads were investigated in the official 12 engine shop tests. The percentage error between the predicted engine performance parameters and the 13 respective shop trial data of both models are given in Table 3 . It can be inferred that both models 14 predictions exhibit sufficient accuracy for the high engine load region and the engine operation at low 15 loads (down to 25% load). Therefore, both the engine zero-dimensional model and MVEM are 16 considered to provide satisfactory accuracy and can be used with fidelity for investigating the engine 17
operation. 18
Apart from the simulation of the official shop tests engine operating points, additional simulation 19 runs were conducted at 10%, 15%, 20%, 30%, 35%, 40% and 85% load, respectively. A set of the 20 predicted engine performance parameters including the receivers pressures and temperatures, the 21 temperature of the exhaust gas exiting the engine, the turbocharger speed, the brake specific fuel 22 consumptions corrected at ISO conditions, the total air to fuel ratio, the cylinder maximum pressure 23 1 parameter values obtained from the engine experimental data from shop trials for the engine loads 25%, 2 50%, 75% and 100% are also shown in Fig. 2 . Despite the fact that the MVEM cannot predict the 3 in-cylinder parameters, the two models seem to provide satisfactory predictions covering the whole 4 engine operating region. The cylinder pressure diagrams derived by using the zero-dimensional model 5 at 25%, 50%, 75% and 100% engine loads are presented in Fig. 3 . 6
The minimum value of the brake specific fuel consumption is observed at 85% load, at which the 7 fuel injection timing is the most advanced leading to the most advanced combustion start as it can be 8 deduced from the pressure diagrams shown in Fig. 3 , resulting in almost the same cylinder maximum 9
pressure value as the one in 100% load. Due to the activation of the engine blowers, discontinuities in 10 the engine performance parameters variations are observed between 35% and 40% load. The blower 11 activation results in a greater air flow entering the engine cylinders and thus increases the air to fuel 12 ratio. Therefore, the temperature of the exhaust gas contained in the engine receiver and the 13 temperature of the gas exiting turbine reduce approximately 42 K compared to their respective values 14 at 40% load (where the blowers are not activated). In addition, at engine loads 35% and lower, the 15 scavenging air receiver temperature increases around 5 K compared to the respective value of 16 approximately 302 K at 40% load. This is attributed to the blower compression process, which results 17 in air temperature rise. At 25% engine load, the exhaust gas temperature slightly increases due to the 18 fact the engine air to fuel ratio reduces since the compressor operates at lower speed. At 20% engine 19 load and lower, there is a decrease in the exhaust gas temperature, which is attributed to the fact that the 20 fuel amount injected to engine cylinders is reduced more drastically in comparison with the respective 21 air flow rate, and as a result, the air to fuel ratio increases. 22
Extension of MVEM based on zero-dimensional model results 1
In this section, the extension of the MVEM is described. This involves the following steps: 
Mapping and analysis of engine performance parameters based on zero-dimensional model 7
As inferred by Guan et al. [30] , the MVEM cannot predict the engine performance at varying 8 settings including changes of the fuel injection timing and the turbine area. Thus, the zero-dimensional 9 model was used to map the engine performance parameters representing the engine operation at varying 10 settings. Discontinuities can be observed at the region of 40% load owing to the blowers activation. It can be 18 clearly inferred from Fig. 4 that the SOI variation affects in a lesser or a greater extent the engine 19 performance parameters depending on the engine load. The engine parameters that are influenced most 20 significantly at around 40% load region are the scavenging receiver pressure, the cylinder pressure drop 21 (defined as the difference in scavenging and exhaust receivers pressures), the turbocharger speed as well 22
as the cylinder compression pressure. The cylinder temperature at exhaust valve open (EVO) is affected 1 in a lesser extent at this load point, whereas the SOI variation effect on the cylinder maximum pressure 2 remains comparable at all loads. The cylinder pressure drop exhibits a maximum relative change of 15%, 3 whilst the other engine parameters are influenced much less with the observed maximum relative change 4 being at around 6%. 5
In order to show more noticeably the influence of SOI on the in-cylinder pressure, the variation of 6 calculated engine cylinder pressure and heat release rate diagrams as a result of SOI change at 75% load 7 is presented in Fig. 5 . From Fig. 5(a) , it can be observed that as expected the SOI retard results in a 8 significant reduction of the cylinder maximum pressure accompanied with an increase of the exhaust gas 9 temperature during the expansion phase including EVO point (not shown in Fig. 5 ). As it is well reported 10 in the literature, this is due to the fact that the SOI retard shifts the combustion process towards the 11 expansion phase (as can be also inferred from Fig. 5(b) ), thus a proportion of the fuel energy is added 12 later into the cylinder working fluid. A slight increase of the cylinder compression pressure at 75% load 13 is observed with the SOI retard as shown in Fig. 5(a) , which is attributed to the increase of the scavenging 14 receiver pressure (as can be inferred from Fig. 4 ). This is due to the fact that the SOI retard leads to a 15 higher exhaust gas temperature so that the greater available exhaust gas energy increases the 16 turbocharger speed and eventually the scavenging receiver pressure. The SOI retard also leads to a higher 17 specific fuel consumption as shown in Fig. 7 , which will be presented later on in this section, as the lower 18 cylinder maximum pressure and the higher cylinder compression pressure result in a lower engine brake 19 power and therefore, a greater fuel amount is needed for obtain the same brake power. From the 20 preceding discussion it is inferred that the well-known behaviour of the engine parameters caused by 21 varying SOI is confirmed, which indicates that the developed zero-dimensional model can predict the 22 expected parameters trade-offs. 23 1 proportion in the exhaust gas entering the turbine as it was introduced in Equation (1). This parameter is 2 very critical for the model calibration and the prediction of the exhaust receiver temperature and as a 3 result, the other engine performance parameters. The parameter ζ was calculated according to Equation 4 (1) by using the derived zero-dimensional model results, in specific, the energy flow of exhaust gas 5 exiting the cylinder, the energy flow of air entering the cylinder, the combustion efficiency, the fuel mass 6 flow rate and the lower heating value. The relative variation of ζ as function of the SOI change and 7 engine load is presented in Fig. 6 . The relative change of the parameter ζ (from the baseline value used 8
for the calculation as presented in Fig. 2 ) takes values in the range from -0.02 to 0.035 with the SOI 9 change spanning from -2 to +3°CA. It can be inferred that the fuel chemical energy proportion in the 10 exhaust gas at the turbine inlet increases with the SOI retard as well as the overall ζ relative change 11 follows a monotonic trend. 12
By applying surface fitting using the MATLAB curve fitting tool, it was found that the following 13 equation can be used to represent the ζ relative change as function of the SOI change (in degrees CA) and 14 the engine load fraction: 15
The obtained R-square value was above 0.99, which indicates that the derived equation successfully 17 captured the involved parameters correlation. 18
The engine brake specific fuel consumption at these settings was also predicted using the 19 zero-dimensional model; its relative change was plotted as function of the SOI change and the engine 20 load as shown in Fig. 7 . As explained above, the SOI retard results in the reduction of the maximum 21 cylinder pressure, which consequently, increases the engine brake specific fuel consumption. The BSFC 22 relative change values (from the baseline values predicted by the zero-dimensional model and presented 23 in Fig. 2 ) are in the range between -0.015 to 0.034 with the SOI change being from -2 to +3°CA. 1
Similarly to the SOI influence in the relative change of ζ, the BSFC relative change follows a monotonic 2 trend with the fuel injection timing change and the engine loads. In addition, the BSFC is more sensitive 3 to the SOI influence as the engine load increases. 4
The following equation was derived to represent the BSFC relative change as function of the SOI 5 change and the engine load. By comparing Equations (3) and (4), it can be deduced that both ζ and BSFC 6 relative changes follow similar functions with load and SOI change. The calculated R-square value was 7 also above 0.99. 8
Turbine area change 10
Subsequently, the turbine area change influence on the engine performance parameters was 11 investigated. Simulation runs were performed by applying changes of the turbine area between -20% and 12 +20% at engine loads from 25% to 100% using the zero-dimensional model. The engine performance 13 parameters relative changes at each load were calculated considering the baseline values (shown in Fig.  14 2) derived by using the reference turbine area. The calculated engine performance parameters variations 15 as function of the turbine area change and the engine load are presented in Fig. 8 . The performance 16
parameters reference values at each load are calculated from the zero-dimensional model steady state 17 results without blower activation in order to decouple the blower influence. 18
It can be inferred from Fig. 8 that the engine parameters including the scavenging receiver pressure, 19 the cylinder pressure drop and the turbocharger speed are most significantly affected by the turbine area 20 change with an observed maximum relative change at 30% (much higher than the ones of the other 21 parameters). The derived relative change of BSFC is found to be in the range of ±3%. At engine loads 22 lower than 75%, the turbine area reduction results in decreasing BSFC due to the considerable increase of 23 the maximum cylinder pressure. However, the reduction of BSFC becomes less distinctive at the 1 ultra-low load region since the turbocharger speed is too low to ensure sufficient air flow. At loads above 2 75%, the reduction of turbine area causes the engine cylinders air flow restriction (as it is deduced by the 3 considerable reduction of the cylinder pressure drop), which has as a result the decrease of the engine 4 efficiency, thus increasing the BSFC. 5
A very detailed description of the engine operation with turbocharger cut-out (equivalent to the 6 reduction of turbine area) can be found in the authors' previous works [11, 30] , where it was concluded 7 that when turbine area changes are employed, the MVEM has the capability of predicting the engine 8 performance parameters variation apart from the brake specific fuel consumption. This is because of the 9 MVEM limitation on representing the in-cylinder process, on the contrary to the zero-dimensional 10 model. As it can be inferred from Fig. 8 , the scavenging receiver pressure is greatly influenced by the 11 change of turbine area. The scavenging air receiver increase results in the BSFC reduction as well as in 12
lowering the engine thermal loading as more air is trapped into the engine cylinders. Based on the 13 zero-dimensional model results, the relative variation of the BSFC as function of the scavenging receiver 14 pressure relative change and the engine load was derived and shown in Fig. 9 . The one turbocharger unit 15 cut-out operation was also included as it follows the same trend as the case with reduction of turbine area 16 and thus, it can be considered as the extreme condition of the turbine area variation. The relative change 17 of the BSFC was found to be between -0.06 and 0.07, whilst the relative change of the scavenging 18 receiver pressure lies in the range -0.2-+0. 43. 19 By applying curve fitting, it was found that the following Equation (5) where p sca,VGT is the calculated scavenging receiver pressure for the case of turbine area change. 5
The R-square for this correlation was calculated approximately 0.97, which indicates an adequate 6 prediction of the used non-linear curve fit. 7
The derived coefficients values for the investigated slow speed two-stroke diesel engine are 8 provided in Table 4 . In this respect, the proposed extension methodology could be generalised and 9 applied during the MVEM set-up process. However, this requires further validation, which is out of the 10 scope of the present work. 11
Incorporation of the derived corrective equations in the MVEM 12
Since the fuel chemical energy proportion in the exhaust gas entering the turbine as well as the 13 engine brake specific fuel consumption with varying SOI settings cannot be predicted by the MVEM, 14 appropriate corrections need to be employed. 15
Firstly, the ζ correction to capture the dependency on the SOI change is applied in the MVEM by 16 using the following equation: (7) and (8) in conjunction with Equations (3) and (4) conclude the correction procedure 4 for the case of the SOI change. In addition, the steps described below are applied for the case where 5 simultaneous turbine area and SOI changes are used. 6
As the engine brake specific fuel consumption with varying turbine area cannot be predicted by the 7 MVEM, the correction of the indicated mean effective pressure needs to be employed similarly to 8
Equation (8), by estimating the BSFC relative change according to Equation (5) . Since the fuel injection 9 timing also influences the scavenging receiver pressure (variation up to 6% as can be inferred from Fig.  10 4), the scavenging receiver pressure reference values (p sca,ref ) used in Equation (6) should be modified. 11
The new reference pressure (p sca,SOI,ref ) is estimated by using the initial reference values (p sca,ref from Fig.  12 2) and their relative change values (∆p sca,SOI shown in Fig. 4) The scavenging receiver pressure relative change variation in the case of SOI change (∆p sca,SOI ) as 15 function of the SOI change and the engine load (presented in Fig. 4 ) was analysed by using the MATLAB 16 curve fitting tool. Due to the fact that the blowers were activated below the 40% engine load point, a 17 piecewise function was applied to capture this parameter variations. It was found that the similar 18 formulae (as provided in Equations (3)-(5)) can be used to correlate these three variables at both above 19 and below the 40% engine load with the calculated R-square values being 0.9937 and 0.9837, 20
respectively. In addition, an interpolation function was used to smooth the transition in the range between 21 30% and 40% loads. 22
Based on the above analysis, the relative change of the scavenging receiver pressure in the case of 23 21 varying SOI can be derived using the following piecewise function: 1
The values of the constants in Equation (10) are provided in Table 5 . 6
For the case that only turbine area change is employed, ∆p sca,SOI equals to zero and therefore, the 7 scavenging receiver pressure baseline values used for the turbine area change correction (p sca,SOI_ref in 8
Equation (9)) are the same as the respective initial reference values (p sca,ref shown in Fig. 2 ). 9
Finally, the indicated mean effective pressure is corrected by using the following equation: 10 ,max
It can be inferred from Equation (11) that the applied BSFC corrections affect the calculated 12 indicated mean effective pressure, and as a result the brake mean effective pressure. Therefore, the rack 13 position calculated by the engine governor model will be different in the predictions of the original 14 MVEM and the extended MVEM. Thus, for the same engine operating point, different amount of fuel 15 and as a result a different value of BSFC will be calculated. In summary, the extension of MVEM can be 16 readily applied following the proposed correction procedure, the flowchart of which is illustrated in Fig.  17 10. 18
Case studies 19
In order to examine the extended MVEM capability of accurately predicting the engine 20 performance parameters in the case of VIT and VGT, various sets of SOI and turbine areas were tested 21 under engine steady state conditions. First, the case with both the SOI retarded by 3°CA and the turbine 22 area reduced by 20% at 25%, 50%, 75% and 100% engine loads was investigated. The predicted engine 1 performance parameters from the zero-dimensional model, the original MVEM as well as the extended 2 MVEM are shown in Fig. 11 . The validated zero-dimensional model is considered to provide the 3 baseline predictions. 4
Retarding the SOI results in the increase of the exhaust temperature and the fuel consumption as 5 explained above, whereas reducing the turbine area decreases the exhaust temperature and the fuel 6 consumption at low load region as can be seen from Fig. 8 . Therefore, their combinatory effect on the 7 engine performance parameters depends on the specific conditions. In comparison to the normal engine 8 operation (shown in Fig. 2) , the considered settings substantially increase the receiver pressures and 9 turbocharger speed at all loads resulting in lower predicted exhaust temperature at loads below 50% and 10 higher at loads above 50%. Additionally, the fuel injection timing influence on the receiver pressures, the 11 turbocharger speed as well as the exhaust temperatures becomes more significant as the engine load 12 increases. 13
As it can be observed in Fig. 11 , the original MVEM lacks the capability of predicting the BSFC 14 with changing either the SOI or the turbine area. The calculated BSFC values from the original MVEM 15 are very close to the ones derived from the reference engine operation as shown in Fig. 2, exhibiting  16 considerable errors in comparison with the respective results of the other two models. As load increases, 17 the SOI retard influence on the BSFC becomes more considerable. The engine cylinder cycle becomes 18 less efficient as explained above and therefore, the predicted BSFC values are considerably greater than 19 the ones in the normal operation. 20
The ζ correction renders the extended MVEM adequate for accurately predicting the exhaust gas 21 temperature in the engine receiver and the turbine outlet, whereas the BSFC correction (eventually 22 affecting the rack position) enables the extended MVEM sufficient prediction for the fuel mass flow rate. 23 1 1.0% for the BSFC and 0.05 to 1.03% for the other parameters, which reveals the fact that all the main 2 engine parameters derived from the extended MVEM and the zero-dimensional model match well. Thus, 3 the proposed MVEM extension approach with corrections for fuel injection timing and turbine area is 4 considered to be effective. The predicted fuel mass flow rate deviations between the original MVEM and 5 the other two models are not so noticeable due to their relatively small values, but they actually follow a 6 consistent variation trend similar to the BSFC one, which is expected since the BSFC is calculated 7 considering the fuel mass flow rate and the engine brake power. The original MVEM predictions exhibit 8 errors in the range 0.4-5.1% for the BSFC and 0.2-3.9% for the other parameters, and therefore, it needs 9 to be used with caution for the investigation of the engine performance in cases of engine varying 10
settings. 11
Moreover, to test other engine settings, different combinations of SOI and turbine area changes as 12 shown in Table 6 were considered. It should be noted that the extended MVEM applied all the 13 corrections and values presented in Table 4 . The validated zero-dimensional model was used to provide 14 the required reference values. The predicted results were compared with the corresponding ones obtained 15 by using the zero-dimensional model and the derived relative errors are presented in Fig. 12 . The engine 16 settings included the SOI advanced and retarded by 2°CA along with the turbine area changes of -20%, 17 -10%, +10% and +20% at 4 different loads (25%, 50%, 75% and 100%). So totally 32 combination 18 cases were investigated as presented in Table 6 . It can be observed from Fig. 12 that the deviations of the 19 main engine parameters in the most cases are less than 1% and the highest deviation is 2.1%, which 20 demonstrates that the extended MVEM predictions are accurate enough and the model can be used for 21
investigating the engine performance in VIT and VGT studies. 22
Having validated the extended MVEM capability at steady state conditions, the next step was to 23 examine the extended MVEM prediction accuracy with varying engine settings at transient operation. 1
The following three engine settings change schedules were defined at 75% engine load in order to test the 2 models response: (a) the start of fuel injection ramp changes shown in Fig. 13 (a) ; (b) the turbine area 3 change percentage ramp variation (between -20% and +20% the normal turbine area) shown in Fig. 13  4 (b); (c) the exhaust gas bypassed by the waste gate ramp changes (compared to the normal exhaust gas 5 amount) presented in Fig. 13 (c) . A set of the derived simulation results including the scavenging air 6 receiver pressure, the exhaust gas receiver temperature, the turbocharger speed, the air to fuel ratio, the 7 air mass flow rate and the BSFC, is presented in Fig. 14-16 as its predictions match the ones of the zero-dimensional model with the maximum error being found to 21 be 0.92%. 22
As the exhaust gas bypass considerably influences the scavenging receiver pressure, its effect is 23 derived by using the curve fitting of a detailed zero-dimensional model parametric runs results. The 1 engine performance parameters variations were thoroughly analysed at varying SOI and turbine area 2 settings using the zero-dimensional model. The extended MVEM was benchmarked against the 3 zero-dimensional model and the original MVEM. The main conclusions derived from this work are 4 summarized as follows. 5
The engine parameters in specific, the scavenging receiver pressure, the cylinder pressure drop, the 6 turbocharger speed and the cylinder compression pressure, are influenced most significantly by the SOI 7 variation at around 40% load region; however, the cylinder temperature at EVO is affected in a less 8 extent at this load point whereas the SOI variation effect on the cylinder maximum pressure remains 9 comparable at all loads. The cylinder pressure drop exhibits a maximum relative change of 15%, whilst 10 the other engine parameters are influenced much less, with the observed maximum relative change being 11 at around 6%. The SOI retard shifts the combustion process towards the expansion phase resulting in a 12 significant reduction of cylinder maximum pressure accompanied with an increase of the exhaust gas 13 temperature at EVO, which eventually leads to higher BSFC. As the SOI changes are from -2 to +3°CA, 14 the parameter ζ relative change was found to vary in the range of -0.02 to 0.035, whereas the BSFC 15 relative change was calculated between -0.015 and 0.034. Furthermore, both the overall ζ and BSFC 16
relative changes follow a monotonic trend with various fuel injection timings and engine loads. 17
The effects of turbine area change on the engine parameters including the scavenging receiver 18 pressure, the cylinder pressure drop and the turbocharger speed are the most significant with an observed 19 maximum relative change at 30%. At engine loads lower than 75%, the turbine area reduction results in 20 an increase of the scavenging receiver pressure and as a result the maximum cylinder pressure, thus 21 decreasing BSFC; however as load decreases further the reduction of BSFC becomes less distinctive 22 since the turbocharger speed is too low to ensure sufficient air flow. At loads above 75%, the reduction of 23 turbine area causes the engine cylinders air flow restriction, which has as a result the decrease of the 1 engine efficiency thus increasing the BSFC. 2
The MVEM cannot make reliable predictions at varying fuel injection timing settings as it does not 3 represent the in-cylinder process; however, it has the capability of predicting the engine performance 4 parameters variation apart from the brake specific fuel consumption at varying turbine area settings. The 5 extension of MVEM can be implemented by incorporating the corrective equations in the corresponding 6 parameters following the provided correction procedure. The extended MVEM can predict with an 7 adequate accuracy the engine performance parameters variations, thus overcoming the limitations of the 8 original MVEM. The execution time of the extended MVEM is longer than the original MVEM but 9 reasonable and substantially less than the zero-dimensional model. As the extended MVEM runs seven 10 times faster than the real time, it can be widely used in applications of engine and its components control 11 system design, such as waste gate exhaust valves, variable geometry turbine, EGR and turbocharger 12 cut-out valves. 13
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